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Abstract
Oxyfuel combustion technology is one of several Carbon Abatement Technologies (CATs) currently being 
developed.  The technology offers a means of generating carbon dioxide rich flue gas requiring minimal 
treatment prior to sequestration or beneficial application.  The oxyfuel process is based on excluding the 
inert components (mainly nitrogen) of air from the combustion process.   In oxyfuel combustion, nitrogen is 
largely absent from the flue gas, since the fuel is combusted with a mixture of nearly pure oxygen (~95% 
O2 - separated from air in an air separation unit (ASU)) and CO2 rich recycled flue gas.   It is recognised as 
a leading Carbon Capture technology for new and retrofit power plant.
Previous studies undertaken by Doosan Power Systems, Air Products, University of Edinburgh and others 
have shown that there is significant scope to optimise overall plant efficiency, both at the design stage and 
during normal operation.  Therefore the current work seeks to realise these benefits through the adoption of 
optimised designs and the development of appropriate control and dynamic optimisation strategies.  
Recycling flue gas in the Oxyfuel process gives rise to a number of operational and control features not 
seen in conventional air-fired power plant systems.  Comprehensive dynamic models of the Oxyfuel 
process systems and associated controls are being developed as part of the TSB collaborative project
“Optimisation of Oxyfuel PF Power Plant for Transient Behaviour” to study these aspects.  The Oxyfuel 
specific models are coupled to a whole cycle, non-linear, dynamic model of the boiler and turbine systems 
allowing development of control schemes, which can meet the full range of operational requirements and 
capabilities of the Oxyfuel plant.
Early results from the model suggest that operation in Oxyfuel mode may provide an opportunity to 
improve plant flexibility and both primary and secondary response, a capability which is of increasing 
importance as the mix of conventional, nuclear and renewable generation changes.  
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1. Overview of the “Optimization of Oxyfuel PF Power Plant for Transient Behaviour” project
Doosan Power Systems is leading a number of UK Government supported collaborative projects for the development of 
Oxyfuel combustion technology.  The project is part -funded by the Technology Strategy Board and has the following project 
partners listed in Table 1.
Table 1: Project Partners
Project Partner Primary Responsibilities
Doosan Power 
Systems Limited
Design and dynamic modelling of the Boiler/Turbine Units
Flue Gas Recycling systems (FGR)
Control system development
Air Products plc Air Separation Unit (ASU)
CO2 Compression and Purification Unit (CPU).
RWE npower plc Technical support on Operational aspects support for techno-economic assessment.
University of 
Edinburgh
Cost-benefit analysis investigating the scope for generation of additional revenue 
under a range of representative market and operational conditions.
The main aims of the project are to:
! investigate the control and operability of a utility-scale Oxyfuel power plant
! develop optimised control schemes allowing high levels of primary and secondary response of an Oxyfuel plant within a 
generation mix, which includes base load nuclear and intermittent renewables.
2. Design Basis for the Boiler, Turbine and Oxyfuel Plant Model
The Oxyfuel model being created for the project is based on the process described in the Technology Strategy Board report 
‘Coal-Fired Advanced Supercritical R etrofit with CO2 C apture’ [1] that has been scaled up from 634 MWe to 800 MWe. The
Ultra Super Critical power plant uses POSIFLOWTM Technology to supply steam to the HP turbine at 275 bar at 600°C.  Reheat 
steam is supplied to the IP turbine at 50 bar and 600°C.   The combustion system comprises five coal mills, feeding burners
arranged in an opposed firing configuration. The boiler unit air and flue gas recycle (FGR) systems include all the necessary
ducts, fans, windboxes, burners, dampers and mills. Individual controllers have been used for Mill Primary Air (PA) and 
OverFire Air (OFA).  Secondary air (SA) is controlled to each of the five windboxes together with two OverFire air systems each 
with associated controls.  The system allows both conventional air-fired and Oxyfuel modes of operation.  Flue gas passes
through the electrostatic precipitator (ESP) to the inlet of the Induced Draught (ID) fan.  In Oxyfuel mode, fl ue gas is re-cycled 
from downstream of the Flue Gas Desulphurisation (FGD) via the FGR system to a single Forced Draught fan (FD fan).  Oxygen 
from a cryogenic Air Separation Unit (ASU) is injected into the Primary, Secondary and OFA systems of the Boiler, with mass 
fl ows being controlled to close tolerances by individual control loops. The arrangement has been selected to minimise the effects 
of oxygen leakage at the various gas-gas heaters in the system.  CO2 is extracted from the fl ue gas stream downstream of the 
FGD plant and is compressed and purified in the CO2 Compression and Purification Unit (CPU).  The system arrangement is 
shown in Figure 1.
SA & OFA 
systems
Furnace
FGR
CPUFGD
ASU
Mill PA
systems
Vent (N2, Ar, O2)Conventional plant system
N2
FD fan
ID fan
CO2 to 
underground  
storage
O2
Air
ESP
Figure 1: Simplified Schematic Diagram of Oxyfuel System
3. Key Model Requirements
The primary objectives of the project dictate that the models used in the evaluation of system performance and the study of 
control strategies must have a high degree of fidelity in terms of both steady state and dynamic results.   Furthermore, these 
requirements must be met across the full operating range of the unit and for any expected disturbance within the system.  The air 
and FGR systems process is key and the models must therefore:  
! Accurately calculate steady state and dynamic state variables at all points throughout the air and flue FGR process.
! Accurately represent interactions both within the Boiler air/FGR systems and with the ASU and CPU systems.
! Accurately represent air and FGR system characteristics across the full operating range.
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In order to satisfy control requirements the following modelling features are also required for the main plant items within the
air and FGR systems:
! mechanical limitations and non-linear properties of primary control elements such as dampers, etc.
! uncertainties and noise in primary flow measurements,
! effects of combustion dynamics,
! effects of air-leakage.
4. Development of the Dynamic Oxyfuel Process Model
A detailed arrangement of the overall Process model and a breakdown of project responsibilities are shown in Figure 2.
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Figure 2: Oxyfuel Process Model
5. Process System Interfaces
In complex, non-linear models of this type it is essential to define properly the boundary assumptions between the different 
models making up the overall system.  A key requirement in this process is to specify how variables will be passed between 
systems and within each calculation step of the overall process, which will be treated as independent (i.e. a fixed value set by the 
‘source’ system) and which will be treated as dependent (i.e. a variable value determined by the ‘receiving’ system).  
For example, in the case of oxygen injection from the Air Products ASU model into the Primary and Secondary air subsystem 
model within Doosan Power Systems scope, the O2 supply pressure is set by the ASU.  The O2 flow rate into the main Boiler is 
determined by the Boiler model based on the O2 supply pressure at that given time step.  Controllers within the ASU then 
maintain the production rate necessary to meet this demand flow at the required supply pressure, whilst controllers within the 
Boiler model ensure that the required flow rate of oxygen into the boiler is achieved.  This is shown in Figure 3 below.
Figure 3: Information Flow between Models.
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6. Boiler Model and Controls
Doosan Power Systems uses bespoke in-house modelling packages and separates the control functions by the use of an emulat ed
control system rather than a generic simulated system.  This ensures that the control solutions are able to make use of the most 
appropriate technology from any control system supplier and that schemes developed for the project should perform properly 
when applied to a real plant.  
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Figure 4: Boiler Model System Structure
The open structure also enables the use of a mixture of bespoke models and facilities developed specifically for this type of
detailed investigation, with each model being chosen for its suitability to the task at hand. 
These models and support facilities are not commercially available, operate within different system frameworks and have been 
developed by project team members over a number of years.   The models run in real time and are connected to a Siemens 
APACS+ distributed control system (DCS) using industry standard OPC (OLE for Process Control) links.  Data transfer between 
models and their respective control systems is achieved using a communications gateway in the Doosan Power Systems 
SpaceGEN modelling package.  Data may be captured and displayed both within SpaceGEN and by other systems, either 
directly, or via the Data Gateway as shown in Figure 4. 
Advantages of the approach that have been previously proven include:
! Allows the parallel development of controls and models in a time efficient manner.
! Facilitates the setup of non-linear functions in both the model and control schemes.
! Analysis and display packages reduce control system commissioning times.
! Allows the model and model DCS controls to be connected to real Process plants and their associated DCS control 
systems.
! Enables the easy modification of the Oxyfuel plant configurations.
The overall model being developed in Doosan Power Systems scope is a comprehensive, non-linear, dynamic representation of 
the boiler, turbine and generator systems and is broken down into a number of constituent parts.  Two areas of particular 
importance for the Oxyfuel process are:
! The air and FGR system model, comprising the oxygen injection points, fans, ducts and windboxes, furnace and gas 
pass systems.
! The detailed gas composition model, which calculates the amount of oxygen needed for injection as well as gas 
composition and physical properties.
To meet the project objectives, the model for air and FGR systems must provide an accurate representation of both 
conventional air firing and Oxyfuel modes of operation. These systems are complex, non-linear and require accurate solution of 
pressure, mass flow and gas composition at each point in the system, since results from this part of the model provide the basis 
for determination of the required level of oxygen injection at each injection point and time-step.
In the case of the Oxyfuel model, the ability to consistently solve the constituent equations to sufficient accuracy for a range of 
disturbances using powerful, direct integration methods has proven elusive, despite considerable effort having been expended.  A 
novel solution method has therefore been adopted which was originally developed to solve transient ‘wave’ problems associated 
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with a long, low pressure steam supply system operating close to saturation (3).  The method is well suited for solving the type of 
non-linearities and discontinuities seen in air and FGR systems.  For the Oxyfuel model its main advantages are that it: 
! provides accurate steady state and dynamic results for every element in the system  
! is able to cope with boundary problems associated with the O2 injection and CO2 extraction points in the system.
! provides solutions in real time, which are unconditionally stable and free from the transient computational errors 
(spikes) seen with other methods when large scale changes are applied to the system.
6.1. SpaceGEN models
Doosan SpaceGEN shown in Figure 5 is a powerful in-house package, which uses the latest advances in software to provide 
highly efficient and flexible modelling and communication facilities.   The package has been used for a number of systems as 
defined below.
Mill models
Represent the dynamic response of typical mills, including the effects of 
mechanical hysteresis and positional accuracy.
Gas Composition model
Provides detailed calculations of gas composition at various points in the 
Oxyfuel cycle using data from the mill and air and gas models.  
Load Generation model
Accounts for turbine steam conditions and performance together with typical 
values for bled steam off-takes into feed heaters.
Figure 5: SpaceGEN System Screenshot 
6.2. Boiler System Controls
Controls for the Oxyfuel model are based on advanced non-linear designs used in a number of UK and European power 
plants. These designs have proven to be robust and have produced fast, repeatable and accurate control performance across the 
full range of operating conditions found on modern plants. They cover air, FGR, furnace and combustion control, steam 
temperature control, all aspects of mill control, load, steam pressure and master firing, including automatic mill scheduling. 
In the case of Oxyfuel systems, control of the air and FGR systems is of particular importance due to its potential impact on 
oxygen concentration and operation of the burners.  A key factor determining control performance is the sensitivity and cross 
coupling of mass flow of combustion air and furnace pressure. Simulation results indicate that this is liable to change 
significantly in switching from conventional to Oxyfuel modes of operation. 
It has been observed that there is a noticeable increase in the sensitivity in the boiler system and, therefore, the control system 
needs to be suitably adapted. The following conclusions are therefore drawn:
! adaptation of non-linear controller gain terms will be essential when changing between conventional and Oxyfuel 
modes of operation.
! a significant increase in the sensitivity of the draught plant controls will occur in Oxyfuel mode. 
Although not discussed here, this will also necessitate changes in PA, OFA and SA combustion control tunings.
7. The ASU and CPU Models 
The ASU and CPU models have been developed in the widely used software package, Aspen Hysys.  The package enables the 
process model and control system to be developed within the one simulation model.  Air Products described an advanced triple 
column cycle for producing low purity oxygen for oxyfuel combustion in IEA GHG report 2005/9 (2).   The process has been 
scaled such that two ASUs are used to supply sufficient oxygen for an 800 MW boiler, however only one has been modeled and 
the results are duplicated or scaled where appropriate.   The CPU process compresses the ‘product’ gas, removes impurities, 
separates the CO2 and compresses the CO2 for injection into a pipeline and storage.  Schematic diagrams of the two processes are 
shown in Figure 6.
These models are complete and current work is focussed on independent testing of the controller tuning during load change 
scenarios.  Once this is complete, scenarios coupling the three models together will begin, which will test the solution method for 
communications across model boundaries.  
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Figure 6: Air Products ASU and CPU models
8. Techno-E conomic Model 
A parallel techno-economic assessment is being undertaken by the University of Edinburgh, with support from RWE npower, 
using discounted cash flow analysis.  Potential implications of changes in Oxyfuel power plant transient performance (and other 
aspects of flexible operation) are being assessed.  The analysis provides insights into the benefits of different transient response 
options in an Oxyfuel plant, and indications for possible approaches for flexible operation by power generators and power plant 
operators that could be expected to maximise plant revenue.  In particular, potential changes in operating revenues under 
different transient scenarios are being explored.   For example, the UK market has both mandatory response requirements for 
plants operating within the electricity network run by National Grid, “The Grid Code” Issue 4 Revision 2, March 2010, and also 
options for gaining financial benefits for flexible operation due to increased operating hours and provision of ancill ary (network 
support) services, as shown in Table 2.  
The techno-economic model considers different operating strategies under scenarios of transient operation.   The economic 
impacts of different feasible operating scenarios are being assessed.  The key factors defining plant flexibility include the plant’s 
ability to operate effectively at part load, plant response times both in terms of ramp rate of electricity output (%increase or 
%decrease per minute) and also the hold-time available for the plant to reach steady-state operation between transitions.   The 
value of the plant’s ability to repeat transient responses in short periods will also be assessed.  Particular attention will be given 
to changes in operating options available if liquid oxygen storage facilities of varying sizes are installed. 
Table 2 Categories of ancillary service and compulsory frequency response in the UK
Category of ancillary 
service/ required 
flexibility
Grid Code requirement for power 
generators (gensets) using the National 
Grid
Requirement/typical examples
High frequency response in 
Limited Frequency 
Response Mode
Must be able to supply.  Cannot run if not 
able to supply.
Rapid change in power output when 
system frequency increases above 
50.4Hz to return the frequency to 
50.0Hz.
Part 1 system ancillary 
services
Must normally be able to offer to supply, 
but will be paid for supplying.  Can run 
for limited periods without being able to 
offer these services (e.g. for testing or a 
technical problem).
Frequency response (change in output 
to counteract changes in system 
frequency) with automatic control in 
response to both high and low system 
frequency. 
Providing reactive power for 
controlling voltage, again with 
automatic control.
Part 2 system ancillary 
services
Generators must negotiate with National 
Grid on whether they will supply these 
services, but only a limited number of 
plants will need to provide these services.
Various.  Includes being able to start-
up with no external electricity supply 
after a total system failure (black start 
capability).
Commercial ancillary 
services
Entirely optional and separate from Grid 
Code requirements.  Set out in bilateral 
Ancillary Service Agreements between 
National Grid and generators.
Various.  Includes enhanced provision 
of reactive power and additional 
reserve capacity.  
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9. Summary of Progress
The overall Oxyfuel cycle model is largely complete and each component model is currently being evaluated for its accuracy and 
robustness to large scale changes.  Preliminary results obtained as part  of the process are encouraging and suggest that, with 
appropriate control structures, an Oxyfuel plant may exhibit improved levels of flexibility and load response compared to an 
equivalent conventional air-fi red plant.
Preliminary results for the Boiler and Turbine Units 
simulation in Air firing mode are shown on Figure 7. 
A simulation scenario was set-up to load change with 
defined ramp rate.   During load ramp, mills have start ed
and stopped and this is indicated on the diagram.
Figure 7: Load Change Preliminary Results for Air Firing Mode
The next stage is to couple the ASU, CPU and Boiler models together in order to conduct more detailed tests and to fully 
develop the control and operational strategies.
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